Abstract
. Measuring 22 the depth-dependent properties of AC is important not only for the investigation of 23 AC structure but also for finding the reason behind its degeneration as well as for the 24 tissue engineering of AC (Risbud and Sittinger 2002) .
The change of AC thickness has been widely used as an indicator to its 1 degeneration status. The tissue thickness is also an important parameter for the 2 measurements of the modulus of AC using indentation (Hayes et al. 1972) . The 3 thickness of AC was conventionally measured using calibrated microscopes (Jurvelin 4 et al. 1995; Myers et al. 1995) , micrometer installed with microscopes (Modest et al. 5 1989), and needling techniques (Jurvelin et al. 1995; Swann and Seedhom 1989; 6 Toyras et al. 1999; Yao and Seedhom 1999) . Most of the above techniques can only 7 be used in-vitro. The AC thickness can also be measured in-vivo using MRI 8 (McGibbon 2003) and X-ray (Buckland-Wright et al. 1995; Adam et al. 1998). 9 Recently, ultrasound techniques have been widely used for the measurement 10 of AC thickness with a high resolution. In addition, ultrasound has been used to 11 facilitate the measurement of biomechanical properties of AC using indentation or 12 compression tests (Chen and Sah 2000; Fortin et al. 2003; Laasanen et al. 2002; 13 2003b; Macirowski et al. 1994; Mann et al. 2001; Nieminen et al. 2002; Rushfeldt et 14 al. 1981; Toyras et al. 2001; Youn and Suh 2001; Zheng et al. 1998; 2001; 2002) . 15 Despite of the wide use of ultrasound in the morpholigical and biomechanical 16 assessment of AC, ultrasound propagation in AC has not been well understood, 17 particularly for its depth-dependency and anisotropy. 18 The sound speed in AC is an important parameter for the measurement of AC 19 thickness using ultrasound (Adam et al. 1998; Lefebvre et al. 1998; Modest et al. 20 1989; Rushfeldt et al. 1981; Saied et al. 1997; Toyras et al. 2001) . Constant 21 ultrasound speeds were frequently used in these studies based on the values reported depends on the depth (Guilak et al. 1995; Schinagl et al. 1996; Wang et al. 2002; 6 Zheng et al. 2001; 2002) , AC is compressed non-uniformly during indentation. Thus 7 the knowledge about the depth-dependence of ultrasound speed of AC is critical to 8 this new approach.
9
The sound speed may vary in AC due its heterogeneous structure through its 
Materials and Methods

21
Experimental Setup
22
A schematic representation of the experimental setup is shown in Fig. 2 harvested within 6 h of death and stored in a refrigerator at -20°C prior to sectioning. quadrant of each patella was tested in this study after further preparations described as 4 follow.
5
Three different categories of AC slices were prepared from 18 disks in the second 6 phase of specimen preparation (Fig. 4) . A thin surgical blade was used manually to were performed across each specimen at a distance of 0.5 mm (Fig 4) . surface and the surface of the container base, respectively. By substituting eqns (4) 7 and (6) into eqns (2) and (3), we get: calculated using the method introduced in the last section, where T 4 in eqn (9) was 5 measured after the specimen was removed from the specimen platform. was r = 0.9721 (p < 0.001), which showed a very high reproducibility.
The mean thickness (+SD) of the superficial, middle and deep horizontal slices 6 (n = 18*3) were 0.64 ± 0.18 mm, 0.50 ± 0.18 mm, and 0.59 ± 0.18 mm, respectively.
7
The mean thickness for the full-thickness layers (n = 18) was 1.64 ± 0.30 mm, which 8 was slightly smaller than the sum of the three slices (1.73 ± 0.31 mm). The increase 9 (5.5%) of the summed thickness of the slices was possibly due to the AC swelling 10 after slicing. This swelling issue would be further discussed in the following sections.
11
The ultrasound speeds of AC tissues at the superficial, middle and deep to be matched were first manually located and the cross-correlation approach was then 10 used to optimize the matching.
The theoretical relationship between the longitudinal ultrasound speed and 12 mechanical parameters is shown in eqn (11).
where c is the longitudinal ultrasound speed, K is the bulk modulus, G is the 15 shear modulus, and ρ is the density of the material (Stanley 1968). Eqns (12) and (13) 16 provide the relationship between the bulk modulus K, shear modulus G, Young's 17 modulus E, and Poisson's ratio ν of an isotropic material (Mow et al 1991). the variation of sound speed caused by the detaching was found to be much larger.
10
The reasons for this large variation should be further studied together with the other 11 issues such as the variation during the period of 1 min while the specimen was 12 detached from bone and installed on the specimen holder.
13
It is obvious that the swelling effects to the sound speed should be taken into 14 account when AC is detached from the bone, particularly for the measurement with The depth-dependency of the swelling-induced change of the sound speed in AC is
8 not yet evident and requires further investigations.
9
In summary, the anisotropy and depth-dependency of the sound speed of AC 10 was investigated in this study for bovine patella specimens detached from the 11 subchondral bone using a noncontact ultrasound method that could obtain the speed of Medicine and Biology. 2002; 47: 3165-3180. 20 Figure Captions The echoes to be matched were overlapped with the reference echo in 'a' and 'b'. Table 2 . A summary of the sound speed of full-thickness AC reported in the literature.
1
The information of the specimen type, ultrasound frequency, and testing temperature 2 were included. In addition, the methods used for thickness measurement were also 3 described.
